Introduction {#s1}
============

Bacterial populations spontaneously differentiate into distinct phenotypic states ([@bib4]; [@bib19]). This variability has been described as a bet-hedging strategy that results in subpopulations that will survive under unpredictable stress ([@bib20]). It has also been suggested that phenotypic variability is a 'division of labor' strategy: essentially, the bacterial population diversifies in order to utilize nutrients more efficiently or to allow invasion and colonization of diverse niches in the host ([@bib1]). Diversification upon infection is also related to antigenic variation, which is a key strategy to eluding the acquired immune response of the host ([@bib37]; [@bib62]).

The role of phase-variation mechanisms in phenotypic diversification through reversible genetic changes is well established (see for example, [@bib12]; [@bib47]; [@bib59]). Diversification processes, not linked to DNA alteration have been attributed to noise in gene expression that can be further amplified by regulatory motifs such as excitatory dynamics ([@bib64]) positive feedback leading to bi-stability ([@bib51]) and ultrasensitivity ([@bib66]; [@bib57]; [@bib42]). Interestingly, phenotypic diversification in microorganisms is frequently accompanied by growth rate variability. One striking example is that of bacterial persistence under antibiotic treatment ([@bib44]) mediated by growth rate bimodality ([@bib5]; [@bib10]; [@bib31]).

Pathogenic bacteria tightly regulate the expression of virulence machinery. Environmental conditions that are close to those in the host environment can induce the expression of the virulence genes ('activating conditions') ([@bib40]; [@bib56]). In contrast, 'non-activating conditions' include a broad spectrum of conditions that do not resemble the host environment. Variability in the expression of virulence genes is observed when the bacteria are exposed to activating conditions ([@bib50]; [@bib15]; [@bib61]; [@bib3]). This process has been extensively studied in *Salmonella* ([@bib1]; [@bib66]). *Salmonella* employ a type III secretion system (T3SS) to inject the host cells with virulence factors. Interestingly, upon shifting from non-activating to activating conditions, *Salmonella* exhibit bimodal T3SS expression. The burden of T3SS expression, together with its bimodal expression, results also in growth rate bimodality ([@bib1]; [@bib17]; [@bib27]; [@bib63]). The bimodality in the T3SS expression provides *Salmonella* with a fitness advantage in the host ([@bib17]), contributing also to antibiotic persistence ([@bib2]), and to reduction in generation of non-virulent mutants termed 'defectors' ([@bib17]).

The aim of this study was to examine whether phenotypic variability plays a role in the virulence of a model organism, enteropathogenic *E. coli* (EPEC), a human specific pathogen, during infection and in the transition to non-activating conditions. The major virulence factors of EPEC are a T3SS, similar to that of *Salmonella*, and a type IV pili termed the bundle forming pili (BFP) ([@bib22]; [@bib29], [@bib30]). EPEC can cause symptoms ranging from asymptomatic infection to a devastating lethal disease in infants and spreads in the host population by the fecal-oral route ([@bib29]). Whereas the phenotypic variability of virulence upon shifting from non-activating to activating conditions has been extensively studied (e.g. [@bib2]; [@bib17]; [@bib63]), the opposite process (i.e., the behavior of the pathogen population upon shifting from activating to non-activating conditions) is poorly understood. In vivo, shifts from activating to non-activating conditions can occur transiently within the host and also in the process of host-to-host spread.

Using our recently established ScanLag ([@bib41]) setup that can detect sub-populations lag time or growth rate variability by tracking single-colony appearance, we evaluated the phenotypic variability of growth of EPEC populations upon activation and in the transition from activating to non-activating conditions. Our analysis revealed a novel long-term hysteretic memory-switch in EPEC, which mediates bimodality in virulence expression. Whereas bimodal virulence expression is observed as a transient behavior in activating conditions, the transition from activating to non-activating conditions resulted in the stable co-existence of non-virulent bacteria and a hypervirulent subpopulation that continued to express full virulence even after many generation of growth in non-activating conditions. It is likely that this hysteretic switch is common in pathogenic bacteria, ensuring persistence of infection and improved host-to-host spreading.

Results {#s2}
=======

Colonies originating from an activated EPEC culture exhibit bimodal growth {#s2-1}
--------------------------------------------------------------------------

The expression of the EPEC virulence machinery is activated upon growth in Dulbecco\'s Modified Eagle\'s medium (DMEM) at 37°C to OD~600~ of 0.2--0.5 ('activating conditions'). In contrast, overnight growth in Luria-Bertani liquid medium (LB) is considered as 'non-activating conditions' ([@bib28]; [@bib40]; [@bib54]; [@bib56]). We searched for growth heterogeneity in EPEC upon transition from activating to non-activating conditions. As a negative control, the non-pathogenic *E. coli* K-12 was also evaluated. Cultures were grown under activating or non-activating conditions and plated on LB agar plates (i.e., non-activating conditions). Analysis of the colony growth dynamics, using ScanLag ([@bib41]) scanners, showed that EPEC and K-12 from the overnight LB cultures displayed unimodal distributions of colony appearance times ([Figure 1A,B](#fig1){ref-type="fig"}). In contrast, colonies of EPEC that originated from activating culture conditions exhibited a bimodal distribution of appearance time ([Figure 1C](#fig1){ref-type="fig"}, [Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}); the 'activated' K-12 culture maintained a unimodal distribution ([Figure 1D](#fig1){ref-type="fig"}). Further analysis showed that the bimodality in EPEC colony appearance time was due to a slightly reduced growth rate of the bacteria in the late-appearing colonies ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). These differences in the growth rates resulted in bimodal colony size distribution at 17 hr post-plating ([Figure 1E--G](#fig1){ref-type="fig"}). We refer to these two colony morphotypes as BIG and SMALL, for early- and late-appearing colonies, respectively ([Figure 1C,F](#fig1){ref-type="fig"}).10.7554/eLife.19599.003Figure 1.EPEC displays the bimodal colony size after virulence activation.Bacterial cultures of EPEC or *E. coli* K-12 were grown overnight in LB media (Non-Activation) or in DMEM for 3 hr at 37°C to OD~600~ \~0.3 (Activation). Cultures were then diluted, plated on LB agar, and incubated at 32°C (non-activating conditions). Colony appearance time was monitored by ScanLag at 15 min intervals. The resulting histograms show (**A**, **B**, **C**, **D**) the fractions of colonies detected at each time point and (**E**, **F**) colony size distributions 1000 min after plating. Colonies larger or smaller than 105 pixels were defined as 'BIG' and 'SMALL' morphotypes, respectively. (**A**--**C**, **E**, **F**) Experiments were repeated in at least four independent biological replicates. (**D**) shows the cumulative of 4 independent biological replicates. (**G**) Time-lapse microscopy phase-contrast images of the two co-existing morphotypes, BIG and SMALL. Time points are indicated. Similar results were obtained in at least 10 different locations and in two independent biological replicates. Scale bar: 50 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.003](10.7554/eLife.19599.003)10.7554/eLife.19599.004Figure 1---source data 1.This Source Data file contains appearance time histogram raw data for [Figure 1A and C](#fig1){ref-type="fig"} (activated and non-activated EPEC cultures) from ScanLag experiments.Data collected from four experiments. The data were collected by the ScanningManager software application and analyzed by TimeLapse analysis software application <http://bio-site.phys.huji.ac.il/Materials.> For figures histogram was fitted to total 100% bacteria. Data columns marked with \* and \*\* are used for creating [Figure 1A and C](#fig1){ref-type="fig"} respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.004](10.7554/eLife.19599.004)10.7554/eLife.19599.005Figure 1---figure supplement 1.EPEC growth on LB measured by ScanLag and time-lapse microscopy.Static cultures of EPEC were grown in DMEM for 3 hr at 37°C to OD~600~ \~0.3 (activating conditions). Cultures were then diluted, plated on LB agar, and incubated at 32°C (non-activating conditions). (**A**--**C**) Growth of colonies was monitored at 15 min intervals using the ScanLag system. (**A**) Histogram of the fraction of colonies detected at each time point. (**B**) Histogram of colony area growth time, i.e. the time taken to increase the colony area from 20 to 80 pixels. (**C**) Two-dimensional histogram of the data in (**A**) and (**B**) allows the visualization of the bimodal phenotype. Note the diagonal shift of the SMALL morphotype suggesting an increase in time to reach the given area and not an increased lag duration ([@bib41]) (*n* = 1184). (**A**--**C**) Experiments were repeated in at least four independent biological replicates. (**D**) Analysis of single-cell generation time by time-lapse phase microscopy. Bacteria from BIG and SMALL colonies were suspended in LB and were placed on LB agar pads and observed by microscopy. Data are presented as the median ± Median Absolute Deviation (MAD) of each morphotype. The *p-value* was calculated by Wilcoxon rank sum test, *h* = 1. (2% of non-dividing cells were excluded from the analysis since their division was out of the observed time range). Similar results were obtained in two independent biological repeats.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.005](10.7554/eLife.19599.005)

SMALL morphotype is triggered by a resettable phenotypic switch {#s2-2}
---------------------------------------------------------------

To examine the inheritability of the SMALL and BIG phenotypes, we resuspended SMALL and BIG colonies and immediately re-plated the bacteria on LB agar ([Figure 2A](#fig2){ref-type="fig"}). Most SMALL colony bacteria gave rise to SMALL colonies (96% ± 3%; mean ± s.d.) ([Figure 2B,D](#fig2){ref-type="fig"}), whereas the bacteria originated from BIG colonies gave rise to bimodal distribution in colony size with 79% ± 4% BIG and 21% ± 4% SMALL colonies ([Figure 2C,E](#fig2){ref-type="fig"}). Remarkably, repeating this procedure for four consecutive cycles resulted in similar ratios of BIG to SMALL colonies ([Figure 2D,E](#fig2){ref-type="fig"}). These findings suggested that the memory of the SMALL phenotype is inherited for tens of generations.10.7554/eLife.19599.006Figure 2.Memory and reset of colony-size bimodality.(**A**) Scheme of the experimental procedure for measuring the stability of colony morphotypes: Colonies of EPEC grown on LB agar were picked 1000 min after plating, resuspended, re-plated on LB agar, and subjected to ScanLag analysis. (**B**) Histogram of the fraction of colonies detected at each time point for bacteria taken from a SMALL colony. (**C**) Histogram of the fraction of colonies detected at each time point for bacteria taken from a BIG colony. (**B**--**C**) Experiments were repeated in at least four independent biological replicates. (**D**, **E**) The same procedure was repeated for four consecutive cycles using bacteria taken from (**D**) SMALL or (**E**) BIG colonies, and in each cycle the fraction of BIG and SMALL colonies was determined. Data are presented as the means ± s.d. of five technical replicates. (**F**) Scheme of the experimental procedure for the 'reset' of the bimodality. (**G**) SMALL or (**H**) BIG colonies of EPEC were picked 1000 min after plating, resuspended in LB broth and grown overnight to stationary phase at 37°C. Cultures were then plated and subjected to ScanLag analysis.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.006](10.7554/eLife.19599.006)

To test whether the switching between BIG and SMALL morphotypes is mediated by DNA rearrangement, we extracted DNA from BIG and SMALL colonies and sequenced the genomes at high coverage ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}). The genome sequences of SMALL and BIG colonies were identical and very close to that of the published reference sequence of EPEC strain E2348/69 ([@bib33]). More advanced analysis, using a custom algorithm for the detection of DNA rearrangements typical to phase variation, identified three loci that were undergoing active phase variation by DNA inversion ([@bib25]). However, we did not detect any specific differences in these regions between the BIG and SMALL genomes. The only significant difference between the two genomes was an approximately two-fold lower coverage of pMAR2 (EAF plasmid, [@bib33]) in the BIG variant genome relative to the SMALL genome ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}). These results suggest that genetic changes are not involved in the colony size bimodality, favoring the possibility that the morphotypes are produced through an epigenetic mechanism.

We noticed a reduction in the SMALL morphotype inheritability when SMALL colonies were grown for more than 24 hr, before suspending and re-plating, suggesting that growth to stationary phase may affect the SMALL morphotype memory. To test this prediction, SMALL or BIG colonies were resuspended and grown in LB broth to stationary phase and then plated and analyzed. In both cases the SMALL morphotype disappeared ([Figure 2F--H](#fig2){ref-type="fig"}), and the culture was 'reset' to form the unimodal colony-size distribution typical of that reported for stationary-phase cultures ([Figure 1A](#fig1){ref-type="fig"}, [@bib41]). Taken together, these results show that the SMALL morphotype is extremely stable during growth, but disappears in stationary phase cultures.

Mathematical analysis of the bimodal switch in non-activating conditions {#s2-3}
------------------------------------------------------------------------

In order to characterize the switching process and measure the switching rates between the two morphotypes, we fitted the results of the SMALL and BIG colony fractions in non-activating conditions to a model based on switching between two phenotypes with different growth rates ([@bib5]) ([Figure 3A](#fig3){ref-type="fig"}, [Equations 1 and 2](#equ1 equ2){ref-type="disp-formula"}, see Materials and methods-Mathematical model). BIG bacteria (*B*) have a higher growth rate and can switch to the SMALL morphotype with rate *a,* whereas SMALL bacteria (*S*) can switch to the BIG morphotype with rate *b*. The model reproduced our experimental observations and suggested that upon growth in non-activating conditions, the switching rate from BIG to SMALL is about 10 times higher than from SMALL to BIG, resulting in a stable co-existence of the two morphotypes. Furthermore, the time scale of the switching from SMALL to BIG was extremely long, requiring more than 100 hr and many generations to reach steady state (see Materials and methods-Mathematical model).10.7554/eLife.19599.007Figure 3.Model and measurements of bimodal switching rates.(**A**) Scheme and equations of a bimodal switching model. The two morphotypes, BIG and SMALL, are characterized by different growth rates, *µ~B~* and *µ~S~*, respectively, and different switching rates *a* and *b*. Note that these parameters depend on growth conditions. (**B**) Measurement and fit to the analytical solution of equations [Equations 1 and 2](#equ1 equ2){ref-type="disp-formula"} during exponential growth under activating conditions with initial conditions *B*(*t* = 0)=1*, S*(*t* = 0)=0, see Materials and methods-Mathematical model. Green and red lines are ScanLag measurements of the SMALL and BIG morphotype fractions, respectively (means ± s.d. of three independent biological replicates). Solid lines are the fit to data using [Equations 1 and 2](#equ1 equ2){ref-type="disp-formula"}, resulting in *a* = 0.24 ± 0.13 h^−1^ and *b\<\<a* under activating conditions. These switching rates result in a population dominated by the SMALL morphotype after a few hours. Note that stationary phase caused resetting of the culture to the BIG morphotype. (**C**) Model (solid line) and experimental measurement (dotted line and markers) of the growth of the total population for the data presented in (**B**).**DOI:** [http://dx.doi.org/10.7554/eLife.19599.007](10.7554/eLife.19599.007)

Prediction and measurements of switching dynamics in activating conditions {#s2-4}
--------------------------------------------------------------------------

The switching rates extracted from the growth of EPEC bacteria in non-activating conditions result in slow dynamics of switching between the two morphotypes. However, already after 3 hr of growth in activating conditions, we observe a high proportion of SMALL morphotypes, suggesting that the switching rate from BIG to SMALL in activating conditions is higher than in non-activating conditions. Our model predicted that longer exposure to activating conditions would lead to a higher percentage of the SMALL morphotype. In order to evaluate the predictive value of the model and the switching rates under activating conditions, we diluted a stationary phase culture into DMEM and monitored BIG and SMALL colony ratios over time. We found that the switching from BIG to SMALL was tenfold faster under activating conditions than under non-activating conditions ([Figure 3B](#fig3){ref-type="fig"} and Materials and methods-Mathematical model). As a result, within a few hours under activating conditions, the SMALL morphotype dominated the culture. Similarly to growth in LB, stationary phase resets the culture to unimodality ([Figure 3B,C](#fig3){ref-type="fig"}). Taken together, these results show that although the bimodal switch generates variability both under activating and non-activating conditions, the higher switching rate under activating conditions results in a fast increase of the SMALL to BIG ratio. In both conditions, stationary phase resets the culture to a unimodal BIG population.

PerA and PerB are sufficient for the bimodal phenotype {#s2-5}
------------------------------------------------------

Activating conditions, which were shown above to increase the SMALL/BIG ratio, are known to activate the expression of key transcriptional regulators of EPEC virulence including Ler, GrlA, PerA, and PerC ([Figure 4A](#fig4){ref-type="fig"}, reviewed in [@bib13]; [@bib48]). We tested for possible involvement of these regulators in the BIG to SMALL switch and found that Ler and GrlA are not required for the bimodal colony size phenotype ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). In contrast, the EPEC strain cured of the EAF plasmid, which encodes the *perABC* operon, lost the capacity to generate bimodality and produced only BIG colonies ([Figure 4B](#fig4){ref-type="fig"}). Complementing this strain with the EAF plasmid restored the bimodal phenotype. To identify the EAF plasmid genes required to establish the bimodality, we examine mutant strains Δ*per*A, Δ*perC*, and Δ*bfpA* ([Figure 4B](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Notably, only the Δ*perA* mutant failed to exhibit bimodality. Importantly, PerA is the autoactivator and thus the *perA* mutant is deficient in expressing the entire *perABC* operon. Complementing the Δ*perA* strain with a low copy number plasmid, containing the *perABC* operon with its native regulatory region transcriptionally fused to *gfp* (pPerABC-GFP)restored the bimodality. In this case, the SMALL colonies appeared later and were more abundant than in the *wt* strain, probably due to excessive PerABC expression. These results show that the *per* operon is required for the co-existence of the BIG and SMALL morphotypes, whereas PerC, GrlA, Ler, T3SS biogenesis, and BFP formation were not required for colony size bimodality ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). To find whether PerA or PerB underlie the bimodality, we deleted different fragments from the pPerABC-GFP plasmid resulting in pPerA-GFP, pPerB-GFP or pPerAB-GFP. Notably, we kept the native regulatory region implying that in all cases PerA is required for expression. We transformed the Δ*perA* mutant with plasmids expressing PerA-GFP, PerB-GFP or PerAB-GFP. Whereas complementation of Δ*perA* with PerA-GFP or PerB-GFP expressing plasmids resulted in unimodal colony morphotypes ([Figure 5A](#fig5){ref-type="fig"}), the PerAB-GFP plasmid restored bimodality, indicating that both PerA and PerB are required for the bimodality. Microscopic observations show that GFP expression is bimodal in pPerAB-GFP plasmids, while uniformly high in pPerA-GFP ([Figure 5B](#fig5){ref-type="fig"}). PerB and GFP cannot be expressed from pPerB-GFP in the absence of PerA and accordingly no GFP was observed in Δ*perA* mutant containing this plasmid ([Figure 5](#fig5){ref-type="fig"}). Expression of GFP from this plasmid was restored in the *wt* EPEC ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). These results show that both PerA and PerB expression are required for the co-existence of the BIG and SMALL morphotypes. To determine whether other EAF plasmid factors are required for the growth bimodality, we transformed *E. Coli* K-12 MG1655 strain with the above pPer plasmids and found that co-expression of PerA and PerB is sufficient for induction of bimodality also in this strain. In agreement with the results obtained in the Δ*perA* EPEC strain, PerA or PerB alone failed to generate bimodality ([Figure 5](#fig5){ref-type="fig"}). These results show that PerAB expression generates a bimodality of growth also without the EAF plasmid, although the phenotype was milder (i.e. the growth difference between the two morphotypes is smaller) ([Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}).10.7554/eLife.19599.008Figure 4.Per operon is essential for establishing colony-size bimodality.(**A**) Scheme of key regulatory genes of the EPEC virulence machinery. Ler is the T3SS master regulator and its expression is induced by two redundant positive regulators, PerC and GrlA ([@bib11]). PerA is a positive autoregulator ([@bib32]; [@bib46]; [@bib53]) of *perABC* operon and positive transcription regulator of typeIV pilli (bfpA) ([@bib32]; [@bib67]). Open arrows represent operons, thick arrows and filled boxes represent protein production. Dotted lines indicate regulatory circuits. PerA positive feedback loop is marked in green. (**B**) Histogram of colony appearance times for bacteria taken from activated cultures of indicated strains. Strains without *perA,* either by gene deletion (Δ*perA*) or EAF plasmid curing (JPN15/EAF^-^), result in unimodality. These experiments were repeated in at least two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.008](10.7554/eLife.19599.008)10.7554/eLife.19599.009Figure 4---figure supplement 1.ScanLag colony appearance phenotype of EPEC virulence pathway mutants.A histogram of the fraction of colonies detected at each time point for bacteria taken from indicated activated cultures. Deletions in genes *ler, grlRA, bfpA,* and *perC*, encoding key regulators of EPEC virulence (shown in [Figure 4A](#fig4){ref-type="fig"}), did not prevent bimodality. This experiment was repeated in at least two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.009](10.7554/eLife.19599.009)10.7554/eLife.19599.010Figure 5.Co-expression of PerA and PerB results in colony-size bimodality.(**A**) A histogram of the fraction of colonies detected at each time point for bacteria taken from indicated cultures of EPEC Δ*perA* mutant transformed with pPerA-GFP (Δ*perA*/pPerA-GFP), pPerB-GFP (Δ*perA*/pPerB-GFP) and pPerAB-GFP plasmids (Δ*perA*/pPerAB-GFP). Cultures were started from a single colony (BIG) and grown in activating conditions. Only pAB-GFP plasmid, co-expressing PerA and PerB, restored the bimodality. This experiment was repeated in at least two independent biological replicates. (**B**) Expression of *perA, perB* and *perAB* using a transcriptional GFP reporter by time-lapse microscopy of single cells extracted from BIG colonies as in (**A**) collected 1000 min after plating. Similar results were obtained in two independent biological replicates and in at least three different locations. Scale bar: 15 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.010](10.7554/eLife.19599.010)10.7554/eLife.19599.011Figure 5---figure supplement 1.Expression control of pPerB-GFP in *wild type* EPEC.(**A**) Histogram of the fraction of colonies wild type EPEC transformed with pPerB-GFP plasmid (*wt*/pPerB-GFP) and grown as in [Figure 5](#fig5){ref-type="fig"}. This experiment was repeated in at least two independent biological replicates. (**B**) Expression of *perB* using a transcriptional GFP reporter by time-lapse microscopy in BIG colonies of wild type EPEC (*wt*/pPerB-GFP) from (**A**) collected 1000 min after plating. PerB is expressed in a subpopulation of wild type EPEC. Similar results were obtained in two independent biological replicates and in at least three different locations. Scale bar: 15 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.011](10.7554/eLife.19599.011)10.7554/eLife.19599.012Figure 5---figure supplement 2.Co-expression of PerA and PerB causes bimodality of colony growth in *E. Coli* K-12 MG1655.A histogram of colony area growth time, i.e. the time taken to increase the colony area from 20 to 80 pixels for bacteria taken from indicated activated cultures of MG1655 *E. Coli* K-12 bacteria transformed with pZS\*11GFP (MG1655/pPerA-GFP), pPerABC-GFP (MG1655/pPerABC-GFP), pPerA-GFP (MG1655/pPerA-GFP), pPerB-GFP (MG1655/pPerB-GFP) and pPerAB-GFP plasmids (MG1655/pPerAB-GFP). Co-expression of PerA and PerB causes bimodality of colony growth in MG1655. This experiment was repeated in at least two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.012](10.7554/eLife.19599.012)

Bimodality of *perABC* expression during activation underlies colony-size bimodality {#s2-6}
------------------------------------------------------------------------------------

We next asked whether the colony-size bimodality correlates with bimodality in *perABC* expression in the progenitor cells, namely the founders of each colony. We subjected a culture of the Δ*perA* EPEC complemented with pPerABC-GFP to activating conditions and measured GFP expression by microscopy ([Figure 6A](#fig6){ref-type="fig"}). We detected a bimodal expression of the *perABC-gfp* operon. Furthermore, the bacteria that did not express GFP were larger and divided more rapidly than those that expressed GFP. To correlate between *perABC-gfp* expression and colony size, we used Fluorescence-activated cell sorting (FACS) to collect separately the GFP-OFF and GFP-ON bacteria ([Figure 6B](#fig6){ref-type="fig"}). Each subpopulation was then plated and analyzed by ScanLag ([Figure 6C,D](#fig6){ref-type="fig"}). The results showed that the GFP-OFF bacteria grew in BIG colonies, whereas the GFP-ON bacteria generated almost exclusively SMALL colonies. Similar results were obtained using wild-type EPEC transformed with pPerABC-GFP, whereas no bimodality was observed with control pZS11\*GFP plasmid expressing GFP from a synthetic constitutive promoter ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Taken together, these results show that during growth in activating conditions, a bimodal expression of the *perABC* operon is established in progenitor cells that lead to bimodality in colony size upon plating and growth in non-activating conditions.10.7554/eLife.19599.013Figure 6.Bimodality of *perABC* expression during activation underlies colony-size bimodality.EPEC Δ*perA* containing the plasmid pPerABC-GFP was grown under activating conditions. (**A**) Time-lapse microscopy of the activated Δ*perA*/ pPerABC-GFP under non-activating conditions (i.e. on LB-agar pads, at 32°C) Scale bar: 15 μm. (**B**) Flow cytometry analysis (*t* = 0 min) for levels of GFP in the cells (n = 10000 bacteria). Time points are indicated. Similar results were obtained in at least five different locations and in two independent biological replicates. (**C**--**D**) Sorted fractions of *perABC* GFP-ON and GFP-OFF (from [**B**]{.smallcaps}) populations were plated under non-activating conditions and analyzed by ScanLag. Histograms show appearance time of sorted (**C**) GFP-OFF and (**D**) GFP-ON subpopulations. (**B**--**D**) Experiments were repeated in at least two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.013](10.7554/eLife.19599.013)10.7554/eLife.19599.014Figure 6---figure supplement 1.Expression of *perABC* in wild-type EPEC during activation.(**A**) Expression of *perABC* in a wild-type EPEC population grown in activating conditions was analyzed using a transcriptional GFP reporter for *perABC* (*wt*/pPerABC-GFP). Activated culture was placed on LB agar pads (non-activating conditions. i.e. LB agar at 32°C) and analyzed by time-lapse microscopy. Similar results were obtained in at least five different locations and in two independent biological replicates. (**B**) A wild type EPEC control strain, containing a plasmid expressing GFP from P~LtetO-1~ promoter (*wt*/ pZS11\*GFP) did not display bimodal GFP expression under the same conditions. Similar results were obtained in at least five technical replicates. Scale bars: 15 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.014](10.7554/eLife.19599.014)

Bimodality of *perABC* expression results in bimodal *ler* expression upon shift from activating to non-activating conditions {#s2-7}
-----------------------------------------------------------------------------------------------------------------------------

Ler is the T3SS master regulator, and under activating conditions its expression is induced by two redundant positive regulators, PerC and GrlA ([@bib11]; [@bib26]; [@bib53]) ([Figure 4A](#fig4){ref-type="fig"}). Under activating conditions, we observed that Ler expression from chromosomal *ler-gfp* transcriptional fusion was unimodal ([Figure 7A--C](#fig7){ref-type="fig"}), as previously reported ([@bib8]; [@bib55]). This was in contrast to the bimodal *perABC-gfp* expression in the same conditions ([Figure 6A,B](#fig6){ref-type="fig"}). We predicted, however, that upon shifting the culture from activating to non-activating conditions, which suppresses GrlA activity, only the sub-population that expresses *perABC* will continue to express *ler,* resulting in bimodal Ler expression. As predicted, we found that upon shifting from activating to non-activating conditions, Ler-GFP expression was reduced in approximately 50% of the bacterial population and became bimodal ([Figure 7B,D](#fig7){ref-type="fig"}). Time-lapse microscopy of bacteria taken from BIG and SMALL colonies showed that, as expected, Ler expression was uniformly high in the SMALL population but bimodal in the BIG population ([Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}). These results suggest that the bimodal expression from *perABC* during activating conditions does not result in bimodal Ler expression since GrlA, which is redundant to PerC, activates *ler* expression regardless of whether PerC is expressed or not. However, upon shifting to non-activating conditions and the bimodal expression of *perABC* drives the bimodality of Ler expression.10.7554/eLife.19599.015Figure 7.Ler expression is unimodal during activation but becomes bimodal when cells are shifted to non-activating conditions.EPEC *ler-gfp* was grown under activating conditions. (**A**) Flow cytometry analysis (*t* = 0 min) shows unimodal GFP (Ler-ON state) expression (*n* = 10000). (**B**) Time-lapse microscopy during growth under non-activating at indicated times. Scale bar: 15 μm. (**C**--**D**) Quantification of GFP levels from the images shown in panel (**B**). Similar results were obtained in at least five different locations and in two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.015](10.7554/eLife.19599.015)10.7554/eLife.19599.016Figure 7---figure supplement 1.*Ler* is differentially expressed in BIG and SMALL colony morphotypes.(**A**) EPEC containing a chromosomal *ler-gfp* fusion was grown for 3 hr in DMEM at 37°C and plated on LB agar at 32°C. ScanLag analysis and colony appearance time was monitored and plotted. (**B**) BIG and (**C**) SMALL colonies of *ler-gfp* EPEC were picked separately after 1000 min, suspended in LB, re-plated on LB agar pads (non-activating conditions. i.e. LB agar at 32°C), and time-lapse microscopy was used to measure the *ler-gfp* expression during 3 hr of growth. GFP, reflecting *ler* expression, in bacteria that originated from a SMALL morphotype colony is uniformly high but is bimodal in the bacteria that originated from a BIG morphotype colony. Similar results were obtained in at least five different locations and in two independent biological replicates. Scale bar: 15 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.016](10.7554/eLife.19599.016)

Long-term memory of the virulence state is controlled by the *per* operon through a hysteretic switch {#s2-8}
-----------------------------------------------------------------------------------------------------

The stability of the SMALL morphotype suggests that the virulence switch mediated by the *per* operon is a hysteretic switch, maintaining long-term memory of the previous state as shown in [Figure 8A](#fig8){ref-type="fig"}. Accordingly, the entire population switches to a virulent state upon activation, characterized by unimodal and high *ler* expression ([Figure 8A](#fig8){ref-type="fig"}, State 1). In contrast, *per* expression during activation is typically bimodal, although prolonged activation eventually shifts the population to SMALL ([Figure 3B](#fig3){ref-type="fig"}). When transferred to non-activating conditions, the *per*-ON bacteria remain hypervirulent, expressing both Ler and PerABC, leading to SMALL colony morphotype ([Figure 8](#fig8){ref-type="fig"}, State 2). This hypervirulent state is maintained for an extremely long time but is 'reset' to the non-virulent state during stationary phase ([Figure 8](#fig8){ref-type="fig"}, State 3). When a 'reset' population is subjected to non-activating conditions the majority remains in the BIG morphotype ([Figure 8](#fig8){ref-type="fig"}, State 4). This insight leads to several predictions. Firstly, the SMALL morphotype should express virulence factors downstream of both *ler* and *per* (i.e., BFP and T3SS), even after many generations of growth in non-activating conditions. Secondly, the BIG colony morphotype should consist mainly of non-virulent bacteria with \~20% of hypervirulent ones. Finally, the deletion of the *per* operon should not prevent the activation of virulence (i.e., T3SS expression can be driven through the GrlA-Ler path), but erase the hysteretic switch, and thus *ler* expression and virulence of all bacteria, should decline as soon as the Δ*perA* bacteria are transferred to non-activating conditions ([Figure 8B](#fig8){ref-type="fig"}).10.7554/eLife.19599.017Figure 8.PerABC maintains long-term memory through a hysteretic switch.(**A**) Scheme of the hysteretic switch in wild-type EPEC. Subjecting a culture to activating conditions for several hours results in a majority of SMALL bacteria (green) (State 1) ([Figure 3B](#fig3){ref-type="fig"}). Even when transferred to non-activating conditions, the SMALL bacteria maintain their phenotype (State 2), unless subjected to stationary phase conditions results in BIG (red) colonies (State3, 'Reset'). Growth under non-activating conditions maintains a majority of the BIG phenotype (State 4). Shifting again to activating conditions regenerates the SMALL phenotype (State 1). (**B**) Deletion of *perA* abolishes the hysteretic switch but does not prevent *ler* activation. (**C**) Western blot analysis of proteins extracted from wild-type EPEC in the different states defined in (**A**) using antibodies raised against BfpA, EspB, Tir, and FliC~H6~. The following conditions were used: Reset: LB overnight culture (State3); Activation (State1); SMALL colony (State2); BIG colony (State 4). (**D**) Western blot analysis of proteins extracted from EPEC *ΔperA* grown in Activation (State 1) and BIG colony (State 4). (**C**,**D**) Similar results were obtained in at least two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.017](10.7554/eLife.19599.017)10.7554/eLife.19599.018Figure 8---figure supplement 1.Loading control of proteins for Western blot analysis.Total protein analysis of Stain-Free Precast Gels (Bio-Rad) was used as loading control. Same gel was used for protein transfer to membrane and following Western blot procedure ([Figure 8](#fig8){ref-type="fig"}). Lane (−) was not used in this experiment.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.018](10.7554/eLife.19599.018)

In order to test these predictions, we extracted proteins from EPEC and *ΔperA* cultures grown under conditions that would lead to states shown schematically in [Figure 8A,B](#fig8){ref-type="fig"} and performed Western blot analysis using antibodies raised against BfpA, EspB, and Tir. BfpA, an important constituent of the type IV pilli, was used as readout for PerA activity, and the T3SS proteins EspB and Tir were used as readout for Ler activity. As an additional negative readout of virulence, we used flagellin (FliC~H6~), which is known to be repressed by GrlA ([@bib36]) ([Figure 4A](#fig4){ref-type="fig"}). As expected, in EPEC, EspB, Tir, and BfpA, but not FliC were highly expressed upon growth in activating conditions ([Figure 8A,C](#fig8){ref-type="fig"}: State 1). Similar expression patterns were seen in SMALL colony bacteria, despite the fact that at least 20 generations had passed since the transition from activating to non-activating conditions ([Figure 8A,C](#fig8){ref-type="fig"}: State 2). In contrast, bacteria from BIG colonies showed low expression levels of all virulence factors and high levels of FliC. The residual expression of BfpA, EspB, and Tir by the BIG colony bacteria is consistent with the prediction of \~20% SMALL variants in the BIG population ([Figure 8A,C](#fig8){ref-type="fig"}: State 4). Finally, the Δ*perA* mutant showed high expression of EspB and Tir when grown in activating conditions, consistent with activation of *ler* expression by GrlA ([Figure 8B,D](#fig8){ref-type="fig"}: State 1). However, expression of these proteins rapidly diminished when the mutant culture was shifted to growth under non-activating conditions ([Figure 8B,D](#fig8){ref-type="fig"}: State 4), leading to a pattern expected from a unimodal non-virulent population (i.e., high FliC, low EspB and low Tir) and similar to the pattern of expression in the stationary phase LB culture ([Figure 8A,C](#fig8){ref-type="fig"}: State 3).

Bimodality in *per* operon expression results in bimodality of host cells infectivity {#s2-9}
-------------------------------------------------------------------------------------

Our results show that the SMALL colonies express a high level of functional T3SS and BFP and thus may be hypervirulent. To determine whether this expression pattern results in a hypervirulent phenotype, we first tested SMALL colony bacteria for BFP functionality by monitoring BFP-mediated self-aggregation ([@bib9]). Time-lapse microscopy showed that, as expected, resuspended SMALL colony bacteria rapidly aggregated, whereas BIG colony bacteria remained mostly planktonic ([Figure 9A](#fig9){ref-type="fig"}, [Video 1](#media1){ref-type="other"} (BIG), [Video 2](#media2){ref-type="other"} (SMALL), [Figure 8---figure supplement 1A](#fig8s1){ref-type="fig"}). In both cases, the aggregates disintegrated upon reaching stationary phase, consistent with the resetting of colony-size bimodality ([Figure 2F--H](#fig2){ref-type="fig"}) and the significant reduction in BfpA production in stationary phase ([Figure 8C](#fig8){ref-type="fig"}).10.7554/eLife.19599.019Figure 9.Bimodal *perABC* expression correlates with bimodality in microcolony formation and host cell attachment.(**A**) Phase-contrast images of the dynamics of self-aggregation observed by time-lapse microscopy of bacteria from BIG or SMALL colonies. Scale bar: 15 μm. See also [Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}. (**B**) Time-lapse microscopy of HeLa cells infected with EPEC *Δper*A/pPerABC-GFP. Scale bar: 25 μm. (**C**) Fluorescent time-lapse microscopy of HeLa cells infected with a 1:1 mixture of wild-type EPEC from BIG and SMALL colonies tagged with mCherry and YFP, respectively. Scale bar: 25 μm. Enlarged image shows SMALL bacteria attached to the Hela cells whereas the BIG bacteria are planktonic resulting in a shift between phase-contrast and red fluorescent image. (**D**, **E**) Quantification of (**D**) attached and (**E**) planktonic bacteria in images taken from (**C**). The area of bacteria was determined based on fluorescent signal. The attached bacteria area was normalized to the total area of HeLa cells in the frame. Planktonic bacteria area was normalized to the area free of cells. Data are presented as the means ± s.d. of 6 frames. The experiment was repeated three times. See also [Videos 3](#media3){ref-type="other"} and [4](#media4){ref-type="other"}. Similar results were obtained in at least five different locations and in two independent biological replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.019](10.7554/eLife.19599.019)10.7554/eLife.19599.020Figure 9---figure supplement 1.Bacteria from SMALL colonies have enhanced self-aggregation properties in liquid culture and increased formation of microcolonies on host cells.(**A**) BFP-related aggregation observed directly in EPEC cultures. EPEC bacteria from different conditions were diluted in LB to \~10^7^ bacteria/ml and grown under non-activating conditions. Images were acquired with a scanner. The following cultures were used for inoculation: EPEC culture grown in DMEM for 3 hr at 37°C (Activated), bacteria from suspended SMALL, or BIG colonies (SMALL and BIG respectively), EPEC grown in LB to stationary phase at 37°C (Reset). Note the low turbidity reflecting the absence of planktonic bacteria only in the SMALL well. Scale bar: 4 mm. Similar results were obtained in at least two independent biological replicates. (**B**) Fluorescent time-lapse microscopy of HeLa cells infected with a 1:1 mixture of wild-type EPEC from BIG and SMALL colonies tagged with YFP and mCherry, respectively (this tagging is the opposite of that in [Figure 9B](#fig9){ref-type="fig"}). Similar results were obtained in at least five different locations and in two independent biological replicates. Scale bar: 25 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.020](10.7554/eLife.19599.020)10.7554/eLife.19599.021Figure 9---figure supplement 2.Bacteria from SMALL colonies induce massive pedestal formation during HeLa infection.HeLa cells were infected for 2 hr with different inoculums of *ler-GFP* EPEC (green). The following cultures were used: EPEC culture grown in DMEM for 3 hr at 37°C (activated), and bacteria from suspended SMALL, or BIG, colonies (SMALL and BIG respectively). Infected cells were fixed and stained for actin (phalloidin rhodamine-red) and DNA (DAPI-blue). Experiments were carried out in duplicate and representative images are shown. Similar results were obtained in two technical replicates. Scale bar: 20 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.021](10.7554/eLife.19599.021)10.7554/eLife.19599.022Figure 9---figure supplement 3.Invasion of HeLa cells by EPEC from SMALL and BIG colonies.(**A**) Schematic illustration of gentamicin protection assay of HeLa cells infected with a 1:1 mixture of wild-type EPEC from SMALL and BIG colonies tagged with GFP and mCherry, respectively. (**B**) Plot of the results of the gentamicin protection assay for wild-type EPEC bacteria and for the Δ*perA* mutant. Data were normalized to initial CFU (t = 0 min) and are presented as the means ± s.d. of at least three technical repeats. (**C**) Schematic illustration of the microscopy-based gentamicin invasion assay together with induction dynamics. Induction of GFP fluorescence by IPTG 1 hr after gentamcin treatment enables the visualization of only live intracellular bacteria. (**D**) Confocal images (top and side views) of intracellular bacteria expressing GFP using the protocol described in (**C**). HeLa cells were fixed and stained for actin (red) and DNA (blue). Scale bar: 10 μm. (**E**) Time-lapse microscopy of HeLa cells infected according to the protocol shown in (**C**) showing growth of intracellular bacteria. Overlay of phase contrast and green fluorescence images are shown. Similar results were obtained in at least three different locations and in three independent biological replicates. Scale bar: 25 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.022](10.7554/eLife.19599.022)Video 1.Dynamics of self-aggregation observed by time-lapse microscopy in BIG bacteria.Bacteria were resuspended from a BIG colony and placed on a wet LB agarose pad for imaging bacteria in suspension. Bacteria divide and remain mostly planktonic.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.023](10.7554/eLife.19599.023)10.7554/eLife.19599.023Video 2.The dynamics of self-aggregation observed by time-lapse microscopy in SMALL bacteria.Bacteria were resuspended from a SMALL colony and placed on a wet LB agarose pad for imaging bacteria in suspension. Bacteria divide and aggregate continuously until they reach stationary phase, which results in the disintegration of the aggregates.**DOI:** [http://dx.doi.org/10.7554/eLife.19599.024](10.7554/eLife.19599.024)10.7554/eLife.19599.024

In order to determine whether high levels of *per* operon expression correlate with higher infectivity, we followed the infection of Hela cells with EPEC Δ*perA* bacteria transformed with pPerABC-GFP plasmid. We used microscopy to evaluate *perABC-gfp* expression, aggregation (i.e., microcolony formation), and attachment to host cells. The results showed that the bacteria that expressed PerABC (GFP-ON, *per*-ON) formed microcolonies that rapidly attached to the epithelial cells ([Figure 9B](#fig9){ref-type="fig"}). In contrast, the GFP-OFF (*per*-OFF) bacteria remained mostly planktonic and unattached. These results show that the *per*-ON bacteria, which generate the SMALL colony morphotype, display higher infectivity than *per*-OFF bacteria.

We next asked whether this high infectivity is maintained in bacteria taken from SMALL colonies (i.e., bacteria originating from *per*-ON bacteria but that were grown in non-activating conditions for many generations). We infected HeLa cells with a 1:1 mix of bacteria from SMALL and BIG colonies tagged with constitutive YFP and mCherry ([@bib23]), respectively, and compared infectivity by time-lapse microscopy ([Figure 9C](#fig9){ref-type="fig"}, [Figure 9---figure supplement 1B](#fig9s1){ref-type="fig"}). During the first hours of infection, the SMALL bacteria formed aggregates (microcolonies) and almost no planktonic single bacteria were found in the surrounding medium ([Figure 9C--E](#fig9){ref-type="fig"}, [Figure 9---figure supplement 1B](#fig9s1){ref-type="fig"}, [Videos 3](#media3){ref-type="other"} and [4](#media4){ref-type="other"}). Furthermore, these SMALL microcolonies attached to host cells, an indication of BFP function ([Figure 9---figure supplement 2](#fig9s2){ref-type="fig"}), induced actin rearrangement in the host, and invaded into the host cell, indicatives of T3SS functionality ([Figure 9---figure supplement 2](#fig9s2){ref-type="fig"}, [Figure 9---figure supplement 3](#fig9s3){ref-type="fig"}). In contrast, only a few bacteria that originated from BIG colonies were organized into attached microcolonies, and formation of actin rearrengement as well as invasiveness were marginal ([Figure 9C--E](#fig9){ref-type="fig"}, [Figure 9---figure supplement 1B](#fig9s1){ref-type="fig"}, [Videos 3](#media3){ref-type="other"} and [4](#media4){ref-type="other"}, [Figure 9---figure supplement 3](#fig9s3){ref-type="fig"}). These results show that the SMALL morphotype maintains high infectivity and expresses functional BFP and T3SS even after many generations of growth in non-activating conditions.Video 3.Dynamics of infection by SMALL (green) and BIG (red) bacteria on HeLa cells.The SMALL bacteria form microcolonies attached to the HeLa cells, whereas the BIG bacteria remain mostly planktonic (same as [Figure 9C](#fig9){ref-type="fig"}).**DOI:** [http://dx.doi.org/10.7554/eLife.19599.025](10.7554/eLife.19599.025)10.7554/eLife.19599.025Video 4.Dynamics of infection by SMALL (red) and BIG (green) bacteria on HeLa cells.The SMALL bacteria form microcolonies attached to the HeLa cells, whereas the BIG bacteria remain mostly planktonic (same as [Video 3](#media3){ref-type="other"} but with fluorescent markers opposite tagging).**DOI:** [http://dx.doi.org/10.7554/eLife.19599.026](10.7554/eLife.19599.026)10.7554/eLife.19599.026

Discussion {#s3}
==========

This study showed, for the first time to our knowledge, that the virulence machinery of a human pathogen, EPEC, is controlled by a hysteretic switch with long epigenetic memory. We showed that PerA and PerB are sufficient for this hysteretic switch. We found that when exposed to virulence-activating conditions all EPEC bacteria upregulate expression of T3SS virulence genes, unlike the bimodal virulence expression observed in *Salmonella*. However, we found that the EPEC virulent population is bimodal for expression of the *per* regulated genes, resulting in two coexisting virulent sub-populations of bacteria, planktonic (*per*-OFF) and aggregative (*per*-ON), with different infection and invasion abilities. The latter population constitutively expresses both BFP and T3SS for many generations, rapidly attaches to host cells as microcolonies, delivers effectors into the host cell, and invades it. This rapid invasion may protect the bacteria against the host immune system and establish persistent infection ([@bib68]).

The striking difference between the two phenotypes that we unveiled is in their abilities to maintain their virulence state when transferred to non-activating conditions. Whereas the *per*-OFF bacteria no longer express *ler* regulated genes upon transfer to non-activating conditions, the *per*-ON bacteria maintain high expression of the *ler* regulated virulence genes even after tens of generations of growth in non-activating conditions. This *per*-ON long-term memory may allow the pathogen to overcome transit through niches of non-activating conditions without a drop in virulence level. An extreme case of this type of transit is the host-to-host transit through the fecal-oral route. In addition, the long-term memory *per*-ON state may set the stage for further diversification within this subpopulation, possibly creating a range of infective phenotypes, each adapted to a different niche and/or stage of infection within the host intestine. Alternatively, the hysteretic switch that enables the coexistence of two different phenotypes may be attributable to bet-hedging (i.e. to risk spreading in the absence of a predictable environment). The SMALL morphotype infects host cells more rapidly but bears the cost of expressing virulence genes and exposure to the immune system, whereas the BIG morphotype grows faster and is less immunogenic. Notably, bimodality is stable mainly under non-activating conditions, suggesting that insufficient cues from the environment regarding bacterial residence inside or outside the host may promote a bet-hedging strategy ([@bib39]).

We found that PerA is central for this switch and that the PerA-regulated *perABC* operon exhibits bimodal expression when co-expressed with PerB. Notably, the *per* operon is regulated by PerA auto-activation ([Figure 4A](#fig4){ref-type="fig"}), a network motif that has been shown to lead to bimodality ([@bib60]) and hysteresis ([@bib49]), which can lead to bistability by growth feedback mechanisms ([@bib16]; [@bib35]; [@bib65]), or other mechanisms, for which PerB may be required.

Specific environmental conditions (termed here 'activating conditions') strongly increased the *per*-ON frequency in the population by enhancing the switching rate by a factor of \~10 compared to non-activating conditions. Thus, growth under activating conditions resulted in almost 100% of *per*-ON cells at steady state. Importantly, our results show that *per* expression is essential for establishing a hysteretic long-term memory switch, resulting in the co-existence of *per*-OFF and *per*-ON subpopulations, of which the latter remains stable even in the face of drastic changes in the environmental conditions, such as shifts in temperature and growth media. Given this stability, a single bacterium in the *per*-ON state generates a colony of the SMALL morphotype in which most of the bacteria remain *per*-ON and are primed for rapid infection of host cells. Interestingly, the *per*-ON memory vanished once growth reaches stationary phase, and the entire population switched to *per*-OFF.

Bimodality in expression of virulence genes has been extensively studied in *Salmonella* and thus it is useful to compare the two pathogens. In EPEC, expression of the Ler master regulator, and thus expression of T3SS, is high and unimodal under activating conditions. Redundant activation of the *ler* promoter by independent regulators (GrlA and PerC) ensures that all bacteria express virulent genes during activation. In contrast, *Salmonella* displays bimodal T3SS expression upon growth under activating conditions and during initial infection ([@bib27]; [@bib63]). The *per*-switch acts hysteretically, locking the expression of *ler* and activation of virulence in an 'ON' state, even when bacteria are switched back to non-activating conditions. Thus in EPEC, *ler* expression becomes bimodal only when the bacteria are transferred to non-activating conditions, resulting in the co-existence of non-activated bacteria and bacteria that are already primed for infection through constitutive expression of BFP and T3SS. Importantly, we were able to evaluate the rates of switching between the two EPEC phenotypes and found that the rate from ON to OFF is extremely slow (several weeks), even under non-activating conditions. A long-lived ON state has been observed also in *Salmonella* ([@bib63]), but upon shifting to non-activating conditions, regulators of virulence decay within 1 to 2 hr ([@bib66]).

The importance of the described hysteretic switch for EPEC virulence is reflected by the conservation of the switch core: the *perABC* operon. Recent reports comparing the genome sequences of a large number of EPEC clinical isolates show that EPEC is an umbrella name for a collection of *E. coli* strains belonging to diverse phylogenetic branches that acquired independently, through horizontal gene transfer, a pathogenicity island encoding T3SS (the LEE island) ([@bib34]). Notably, most of these EPEC strains also acquired plasmids containing the *perABC* operon ([@bib34]). Furthermore, strains containing both the LEE and plasmids encoding *perABC* and *bfp* operons cause a more severe disease ([@bib30]). Hazen et al. proposed that the contribution of PerA might be related to regulation of additional virulence-related genes ([@bib30]). Our findings suggest that *perABC* also enhances the fitness of infecting EPEC by facilitating formation of long-term memory and stable phenotypic bimodality. The contribution of the *per*-switch to virulence in vivo could not be tested since an animal model for EPEC is not available. Pathogens closely related to EPEC, including enterohemorragic *E. coli* (EHEC) and *Citrobacter rodentium* (CR), do not carry the *perABC* operon. Interestingly, however, heterogeneity in virulence is observed in these pathogens ([@bib55]; [@bib37]), but the involved switch and whether it is also hysteretic have not been studied.

In conclusion, we report here how a hysteretic switch controls the virulence traits of a human pathogen, EPEC. Our findings and approach should provide a framework to search for similar switches in other pathogens. Furthermore, this understanding may lead to the development of new strategies to interfere with the establishment of stable virulence-ON mechanisms and thus reduce virulence and pathogen spreading to new hosts.

Materials and methods {#s4}
=====================

Bacterial strains and growth conditions {#s4-1}
---------------------------------------

The used bacterial strains, plasmids and primers are listed ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"} and [3](#SD4-data){ref-type="supplementary-material"}).

Activating conditions: Following the procedure in ([@bib38]), bacterial strains were grown overnight (O/N) in LB medium (Sigma, Israel) at 37°C without shaking, diluted 1:40 into DMEM-HEPES (Gibco, Israel) medium and incubated for 3 hr at 37°C without shaking to exponential phase (O.D.\~0.3).

Non-activating conditions: bacteria were plated in LB agar at a concentration below 200 cfu/plate and incubated at 32°C.

For analysis of bacteria isolate directly from colonies, BIG and SMALL colonies were collected according to their size at 17 hr (1000 min) after plating and diluted in 0.9% NaCl to density of \~10^8^ bacteria/ml.

Plasmid construction and gene inactivation {#s4-2}
------------------------------------------

Deletion mutants were produced as described ([@bib14]). pZS\*GFP was created by replacing the *hip* promoter of pZS\*1HGFP plasmid ([@bib57]) with the synthetic **P~LtetO-1~** promoter ([@bib45]) using 5\'-phosphorylated PCR primer, followed by ligation. pPerABC-GFP was created with an isothermal cloning kit (NEB, United States). The *hip* promoter of pZS\*1HGFP was replaced with the genomic region of the *perABC* operon including the upstream promoter region. The derivative plasmids: pPerA-GFP, pPerB-GFP and pPerAB-GFP were produced by single ligation step after excision of the PerAB, PerA/C and PerC respectively (see [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}).

HeLa cell growth conditions {#s4-3}
---------------------------

HeLa cells ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}) were grown in DMEM supplemented with 300 μg/ml L-Glutamine, 100 U/ml Penicillin, 100 μg/ml Streptomycin and 10% FCS at 37°C and 5% CO~2~. For infection experiments, HeLa cells were seeded in 24-well plates. When cultures reached \~10^6^ cells/well, they were washed twice with PBS and medium was changed to DMEM-HEPES (Gibco, United States) without supplements. HeLa cells were routinely tested for absence of mycoplasma contamination by EZ-PCR Mycoplasma Test Kit (Biological Industries LTD., Israel).

Colony growth distribution measurements by ScanLag {#s4-4}
--------------------------------------------------

Bacteria were diluted to a concentration of 10^3^ bacteria/ml and plated on LB agar. The plates were placed in a 32°C incubator on EPSON Perfection 3490 scanners that scan the plates every 15 min with custom ScanLag software, as described ([@bib41]). MatLab based applications were used to automatically detect colonies in each frame and to monitor the growth of individual colonies (Software for controlling the scanners and for image analysis can be found at <http://bio-site.phys.huji.ac.il/Materials>). The area growth rate of each colony and its time of appearance were extracted as described ([@bib41])

Experimental measurements of bimodal switching rates {#s4-5}
----------------------------------------------------

EPEC was grown overnight in LB medium (Sigma, Israel) at 37°C, diluted to \~1000 cells/ml in DMEM and grown under activating conditions. The low culture density enabled follow up of many hours of exponential growth before reaching stationary phase. To eliminate possible artifacts due to the BFP-mediated-aggregation we induced disaggregation as follows: the culture was divided into tightly closed Eppendorf tubes, one for each time point. These tubes were subjected to intensive vortex and kept on ice for 10 min before plating. Disaggregation was confirmed by microscopy. The levels of BIG and SMALL progenitors in the populations at each time point during growth were determined by ScanLag.

Time-lapse microscopy {#s4-6}
---------------------

Time-lapse microscopy was performed using a Leica DMIRE2 inverted microscope system. Autofocus and image acquisition were done by using custom macros in μManager (an open source software program) to control the microscope, stage, shutters, and camera. The microscope was placed in a large incubator box (Life Imaging Systems) that controls the temperature to an accuracy of 0.1°C. GFP- or YFP-expressing bacteria were imaged using Yellow GFP filter (Ex-500nm, Em-535nm, Chroma USA); mCherry signal was measured by HcRed1 filter (Ex-575nm, Em-640nm, Chroma USA). Excitation was performed with LEDs (Coolled, United Kingdom) and images were acquired with a cooled CCD camera (−75°C) (Orca II, Back-illuminated, Hamamatsu) and processed with ImageJ (<http://rsbweb.nih.gov/ij/>). X100 NA 1.40 oil objective was used for individual bacterial observation on agar pads; X63 NA 0.70 long-distance air objective NA for imaging Hela and bacteria in 24-well plates; X20 was used for imaging growing colonies on a very thin LB + 1.5% agar layer.

To observe the growth of individual bacteria, a LB + 1.5% agarose pad was prepared in a polydimethylsiloxane (PDMS) square mold and dried for 10 min at 37°C. Bacterial samples of 1 μl (\~10^5^ cells) were placed between the microscopic slide and the pad inserted into the same PDMS mould and covered with a coverslip. For microscopic observation of self-aggregation, agarose pads were not dried and bacteria (5 µl, \~10^5^ cells) originated from suspended colony were placed between the microscopic slide and the pad.

Western blot analysis {#s4-7}
---------------------

The OD of the cultures was determined and density was adjusted if needed. Bacteria were collected by centrifugation and resuspended in 5 μl loading sample buffer per 0.1 O.D. Proteins were extracted by boiling of the samples and resolved by 12% Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad, Israel). Total protein staining was used as a loading control (see [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}). Proteins were transferred to nitrocellulose membrane (Bio-Rad) for standard Western blot analysis with antibodies raised in rabbits against BfpA (gift from Michael Donnenberg), Tir and EspB (gift from Gad Frankel), or FliC-H6 (gift from the Israeli Ministry of Health) and secondary anti-rabbit HRP-conjugated antibody.

EPEC self-aggregation test {#s4-8}
--------------------------

Bacteria were diluted 1:50 in LB media in 24-well plates. The plates were incubated at 32°C with mild agitation under non-activating conditions and transferred manually every 30 min to an Epson Perfection V500 Scanner for imaging of aggregates.

Actin staining for microscopy {#s4-9}
-----------------------------

HeLa cells were grown on round coverslips within 24-well plates. In the next day cells were washed and infected with \~10^6^ bacteria/well. Two hours after infection, the wells were washed twice with PBS and fixed with 4% formaldehyde in PBS, 10 min. The coverslips were then washed twice with TBS, and the cells were permeabilized with 0.25% Triton X-100 for 2 min. Actin was stained with Texas Red-phalloidin (Molecular Probes, United States) and DNA was stained with Dapi (Molecular Probes, United States), at a 1:1000 dilution. The coverslips were washed twice with PBS, mounted with ImumMount (Thermo Scientific, United States) and viewed with a fluorescence inverted microscope with X100 oil objective.

Time-lapse imaging of HeLa cell infection {#s4-10}
-----------------------------------------

HeLa cells were seeded in 24-wells plates (NUNC, United States) and grown in 1 ml/well as mentioned above. EPEC BIG/pZA21mCherry and SMALL/pZA21YFP colonies (harboring mCherry and YFP constitutive markers), were suspended, mixed 1:1 and added to the HeLa cells at a concentration of \~10^6^ bacteria/well. Time-Lapse microscopy was performed directly on 24-wells plates (NUNC, United States) at 37°C. The opposite fluorescent markers (i.e. SMALL/pZA21mCherry and BIG/pZA21YFP) were measured in parallel to rule out effects of markers. The analysis of fluorescent intensities was performed with ImageJ. The total area occupied by bacteria was measured according to the yellow fluorescence signal. In order to compare different frames with variable Hela cell coverage, we normalized the total number of bacteria attached to cells with the total area of cells in the frame. This area was extracted from phase-contrast images. Planktonic bacteria area was normalized with the total area of the frame not covered by Hela cells.

Gentamicin protection assay {#s4-11}
---------------------------

HeLa cells grown in 24-well plates and infected with EPEC bacteria were incubated at 37°C for 2 hr. Gentamicin at a final concentration of 25 µg/ml was added to kill extracellular bacteria with little effect on intracellular bacteria ([@bib7]) and plates were returned to the 37°C incubation. Bacteria that survived the gentamicin treatment were counted at 30 min intervals after gentamicin addition. To this end cells were washed twice to remove gentymicine, lysed in 1 ml 1% Triton X-100 to free the intracellular bacteria, which were then pelleted by centrifugation (3 min at 1500g), resuspended in PBS and spread onto LB agar plates to evaluate bacterial CFU/ml. Isolated colonies were counted after overnight incubation at 37°C, and the progeny of BIG-YFP and SMALL-mCherry colonies were differentiated by color. The time point t = 0 sample was measured before gentamicin treatment. All bacterial counts were normalized to counts at t = 0 counts. The same results were obtained with swapped reporter colors, SMALL-YFP and BIG-mCherry.

Direct visualization of live internalized bacteria {#s4-12}
--------------------------------------------------

EPEC containing a plasmid with IPTG inducible GFP reporter (pSA11) was used to generate SMALL colonies, which were suspended and used to infect HeLa cells. Two hours post infection gentamicin was added (25 µg/ml) and after an additional hour IPTG (20 μg/ml) was added to the infected cells. Only the metabolically active intracellular bacteria that are not exposed to gentamicin are able to produce GFP in response to IPTG, thus enabling to detect even a small fraction of intracellular bacteria by time-lapse microscopy.

Immunostaining and confocal microscopy imaging {#s4-13}
----------------------------------------------

For immunostaining experiments, the gentamicin protection assay was performed as described above, except for the growth of HeLa which was here done on round coverslips inserted into 24-well plates. HeLa cells were infected with EPEC SMALL/pSA11 bacteria for 2 hr and then treated with 25 µg/ml gentamicin. After 1 hr wells were supplied with IPTG to visualize metabolically active intracellular bacteria. One hour later samples were washed twice with PBS and fixed with 4% formaldehyde-PBS. The coverslips were washed twice with TBS, the cells were permeabilized with 0.25% Triton X-100 and washed twice with PBS. Actin was stained with Texas Red-phalloidin (Molecular Probes) and DNA was stained with Hoechst (Molecular Probes, United States), at a 1:1000 dilution. After washing twice with PBS, the coverslips were mounted with ImumMount (Termo Scientific, United States) and viewed with a FV-1200 Olympus (Japan) confocal microscope. The GFP signal was measured with a green filter (Ex-500nm, Em-540nm), mCherry signal was measured with a red filter (Ex-570nm, Em-620nm) and Hoechst was measured with a Dapi filter (Ex-430nm, Em--470nm).

Fluorescence-activated cell sorting (FACS) {#s4-14}
------------------------------------------

BIG or SMALL colonies were suspended, diluted in PBS to \~10^5^ cells/ml and analyzed using a FACS Aria III cell-sorter equipped with 488 nm and 561 nm lasers (BD Biosciences, San Jose, CA). Side and forward scatter of bacteria were determined using log scale SSC/FSC plots with respective thresholds of 200 and 2200. Sorting was done at a minimal flow rate according to GFP intensity criteria.

Whole genome sequencing (WGS) {#s4-15}
-----------------------------

BIG and SMALL colonies were suspended, diluted 1:200 and bacteria were grown in LB to O.D.\~0.3 at 32°C. DNA was extracted with the DNeasy Blood and Tissue kit (Qiagene) according the manufacturer\'s instructions. Genomic extraction, Whole-Genome Sequencing and analysis was done as published previously ([@bib25]). The WGS raw data are available as NCBI BioProject PRJNA255355 (Accessions: SRX757584 and SRX757585 for SMALL and BIG respectively)

Mathematical model {#s4-16}
------------------

We used a simple mathematical model to describe the expected dynamics of switching between the BIG and SMALL morphotypes. Fitting the experimental results to the data enabled the evaluation of the switching rates, *a* (BIG to SMALL) and *b* (SMALL to BIG), under virulence activating conditions. Surprisingly, we found that what was considered as 'non-activating conditions', namely growth in LB, does not abolish the switching but rather reduces its frequency.

The two morphotypes, BIG (*B*) and SMALL (*S*) are characterized by different growth rates, *µ~B~* and *µ~s~* respectively, and switching rates, *a* and *b*, respectively ([Equations 1 and 2](#equ1 equ2){ref-type="disp-formula"} in [Figure 3A](#fig3){ref-type="fig"}). The analytical solution of [Equations 1 and 2](#equ1 equ2){ref-type="disp-formula"}, as detailed in ([@bib5]), is:$$\begin{matrix}
{B\left( t \right),S\left( t \right) = e^{\overline{\mu}t}\left\lbrack {\alpha_{B,S}e^{\Omega t} + \beta_{B,S}e^{- \Omega t}} \right\rbrack} \\
{\left\{ \begin{matrix}
\mu_{B}^{\ast} & {= \mu_{B} - a} \\
\mu_{S}^{\ast} & {= \mu_{S} - b} \\
\overline{\mu} & {= \frac{\mu_{B}^{\ast} + \mu_{S}^{\ast}}{2}} \\
{2\Omega} & {= \sqrt{\left( {\mu_{B}^{\ast} - \mu_{S}^{\ast}} \right)^{2} + 4ab}} \\
\end{matrix} \right.\left\{ \begin{matrix}
\alpha_{B} & {= \frac{B_{0}\left( {\overline{\mu} + \Omega - \mu_{S}^{\ast}} \right) + S_{0}b}{2\Omega}} \\
\beta_{B} & {= \frac{- B_{0}\left( {\overline{\mu} - \Omega - \mu_{S}^{\ast}} \right) - S_{0}b}{2\Omega}} \\
\end{matrix} \right.\left\{ \begin{matrix}
\alpha_{S} & {= \frac{S_{0}\left( {\overline{\mu} + \Omega - \mu_{B}^{\ast}} \right) + B_{0}a}{2\Omega}} \\
\beta_{S} & {= \frac{- S_{0}\left( {\overline{\mu} - \Omega - \mu_{B}^{\ast}} \right) - B_{0}a}{2\Omega}} \\
\end{matrix} \right.} \\
\end{matrix}$$

where *B~0~* and *S~0~* are the numbers of the BIG and SMALL morphotypes at *t = 0*.

### Switching rate under non-activating conditions {#s4-16-1}

In this work, the difference between the growth rates of the two morphotypes, *ε=µ~B~− µ~s~*, is small compared to the growth rates as determined by time-lapse microscopy: *µ~B~*=1.24 ± 0.02 h^−1^ (N = 98), *µ~S~*=1.18 ± 0.02 h^−1^ (N = 56), and ε = 0.06 ± 0.03 h^−1^ (means ± s.e.). Microscopic observations revealed that *b* is smaller than all other rates. In the limit of *b = 0*, [Equation 1](#equ1){ref-type="disp-formula"} can be greatly simplified, and, when starting from the BIG morphotype (i.e., *S~0~* = 0), as done in the experiment of [Figure 2A--E](#fig2){ref-type="fig"}, we expect:$$\frac{S\left( t \right)}{B\left( t \right)} = \frac{a}{\epsilon - a}\left\lbrack {1 - e^{- {({\epsilon - a})}t}} \right\rbrack$$

Starting from the BIG morphotype (*S~0~* = 0), we measured at *t* = 17 hr $~\frac{S\left( t \right)}{B\left( t \right)} =$0.26 ± 0.04. Fitting [Equation 2](#equ2){ref-type="disp-formula"} to the only free parameter, *a*, results in *a* = 0.021 (c.i. 0.017, 0.024) h^−1^. Starting from the SMALL morphotype (*B~0~* = 0), we measured at *t* = 17 hr $~\frac{S\left( t \right)}{B\left( t \right)} = 24$ ± 18. Using the value of *a* determined above, and fitting [Equation 1](#equ1){ref-type="disp-formula"} to the only free parameter, *b*, results in *b* = 0.0017 (c.i. 0.001, 0.007) h^−1^.

### Switching rate under activating conditions {#s4-16-2}

The switching rates under activating conditions ([Figure 3B](#fig3){ref-type="fig"}) were determined by monitoring the dynamics of formation of SMALL and BIG colonies from a culture containing only BIG morphotypes, as well as the growth of the whole culture ([Figure 3C](#fig3){ref-type="fig"}). Fitting the experimental data using a 2-parameter fit for [Equation 2](#equ2){ref-type="disp-formula"} yields: *a* = 0.24 (c.i. 0.10, 0.37) h^−1^, *Δ=*a−ε=0.21 (c.i. 0.10, 0.31) h^−1^.

Note that the key parameter that controls the time-scale of population dynamics is *Δ= a-ε*, the difference between the loss of BIG due to switching and gain in BIG due to faster growth of BIG vs. SMALL bacteria. Whereas this parameter is positive under activating conditions, leading to a dominance of the SMALL morphotype at steady state, it has an opposite sign under non-activating conditions, predicting a stable co-existence of the two morphotypes even when *b* = 0.

In summary, the mathematical model of switching enabled us to predict the population dynamics of the SMALL and BIG sub-populations in non-activating and in activating conditions. The main parameter that was found to change is *a*, the switching rate from BIG to SMALL, which increases more than 10-fold in activating conditions. Finally, the switching rate from SMALL to BIG, *b*, was found to be extremely low compared to all other time-scales, enabling a long-term memory of the SMALL morphotype over hundreds of generations.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"A Long-term Epigenetic Memory Switch Controls Bacterial Virulence Bimodality\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, including Jose Luis Puente (Reviewer \#3), and the evaluation has been overseen by a Reviewing Editor and Richard Losick as the Senior Editor.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The reviewers agreed that this is a very nice paper that describes phenotypic variability in the EPEC strain E2348/69, demonstrating that the variability is likely associated with the plasmid-encoded PerA transcriptional regulator. The variable phenotype involves both growth rate as well as virulence gene expression. A particularly striking feature of the variability described here is the remarkable stability of the small morphotype subpopulation under non-activating conditions. The authors present a thorough analysis of the phenomenon and have taken the first steps towards establishing a mechanism through their identification of PerA as playing a central role. Although there was enthusiasm among the reviewers and reviewing editor, there were also some concerns. First, the paper makes little headway in establishing how PerA bimodality is achieved in a population. Understanding the origins of bimodality would elevate the paper\'s impact substantially, although it was agreed that a full understanding of this would be beyond the scope of a single paper. Second, and perhaps more importantly, there were concerns about whether the data unequivocally support the conclusion that PerA is the sole arbiter of the phenotypic variability. This issue, in particular, will need to be fully addressed in a revised manuscript -- please see the revisions below for details.

Essential revisions:

The authors have not fully ruled out that PerB may also play a role in controlling bimodality as the *perA* deletion (and insertion of a kanR cassette) may have a polar effect on *perB*. Additionally, the *perA* mutant was complemented by putting back a plasmid with the entire perABC operon, and a *perB* deletion mutant was not tested. Also, the bimodal expression of the perABC operon is in agreement with colony-size bimodality, but the experiments performed don\'t rule out the possibility that something else on the plasmid or the chromosome contributes to phenotypic variability. Thus, a revised manuscript should:

1\) Perform a complementation experiment as shown in the bottom middle panel of [Figure 4B](#fig4){ref-type="fig"} but using a plasmid that expresses only *perA*, instead of perABC. This will establish that the loss of bimodality in the *perA* deletion is due to the lack of PerA and not due to a change in PerB expression.

2\) Also, perform a complementation experiment, as in [Figure 4B](#fig4){ref-type="fig"}, in which the plasmid expressing *perA* alone is put into a strain that lacks the EAF plasmid, to determine whether PerA alone or through other PerA-regulated component of the EAF plasmid, is required for bimodality.

3\) If PerA alone fails to fully complement in 1) then the two complementation experiments above should be done with PerB alone.

10.7554/eLife.19599.033

Author response

*Summary:*

*The reviewers agreed that this is a very nice paper that describes phenotypic variability in the EPEC strain E2348/69, demonstrating that the variability is likely associated with the plasmid-encoded PerA transcriptional regulator. The variable phenotype involves both growth rate as well as virulence gene expression. A particularly striking feature of the variability described here is the remarkable stability of the small morphotype subpopulation under non-activating conditions. The authors present a thorough analysis of the phenomenon and have taken the first steps towards establishing a mechanism through their identification of PerA as playing a central role. Although there was enthusiasm among the reviewers and reviewing editor, there were also some concerns. First, the paper makes little headway in establishing how PerA bimodality is achieved in a population. Understanding the origins of bimodality would elevate the paper\'s impact substantially, although it was agreed that a full understanding of this would be beyond the scope of a single paper. Second, and perhaps more importantly, there were concerns about whether the data unequivocally support the conclusion that PerA is the sole arbiter of the phenotypic variability. This issue, in particular, will need to be fully addressed in a revised manuscript -- please see the revisions below for details.*

We completely agree that we had not dissected the respective roles of the *per* genes in our previous version, and wrongly had written *perA* where in fact we meant the whole *per* operon. We have now completed a set of experiments that follow the guidelines of the reviewers and show that *perA* expression alone does not result in bimodal growth, but bimodality is observed when both *perA* and *perB* are expressed. We have performed the experiments with similar results in two strains: an EPEC strain deleted for *perA* and complemented with either *perA, perB* or both *perA* and *perB*, and in *E. coli* K-12 MG1655 bearing the same set of plasmids. In both strains *perA*+*perB* resulted in bimodal growth whereas *perA* or *perB* alone did not.

We have now included these results in the fully revised version of the manuscript, as well as addressed all the additional comments of the reviewers, as detailed below.

*Essential revisions:*

*The authors have not fully ruled out that PerB may also play a role in controlling bimodality as the perA deletion (and insertion of a kanR cassette) may have a polar effect on perB. Additionally, the perA mutant was complemented by putting back a plasmid with the entire perABC operon, and a perB deletion mutant was not tested. Also, the bimodal expression of the perABC operon is in agreement with colony-size bimodality, but the experiments performed don\'t rule out the possibility that something else on the plasmid or the chromosome contributes to phenotypic variability. Thus, a revised manuscript should:*

*1) Perform a complementation experiment as shown in the bottom middle panel of [Figure 4B](#fig4){ref-type="fig"} but using a plasmid that expresses only perA, instead of perABC. This will establish that the loss of bimodality in the perA deletion is due to the lack of PerA and not due to a change in PerB expression.*

We thank the reviewer for this comment. To find out whether PerA is sufficient for the bimodality of growth that we observed, we transformed the Δ*perA* mutant with plasmid expressing PerA-GFP controlled by the native regulatory region, implying that PerA is required for expression. This design was essential to test whether PerA can drive bimodality through its autoregulation. However, complementation of Δ*perA* with PerA-GFP expressing plasmids resulted in unimodal colony morphotypes ([Figure 5A](#fig5){ref-type="fig"}), that were found to have a uniformly high expression of pPerA-GFP ([Figure 5B](#fig5){ref-type="fig"}). These results show that PerA is not sufficient for growth bimodality (subsection "PerA and PerB are sufficient for the bimodal phenotype" and [Figure 5](#fig5){ref-type="fig"}).

*2) Also, perform a complementation experiment, as in [Figure 4B](#fig4){ref-type="fig"}, in which the plasmid expressing perA alone is put into a strain that lacks the EAF plasmid, to determine whether PerA alone or through other PerA-regulated component of the EAF plasmid, is required for bimodality.*

To answer this question we used K-12 *E. coli* MG1655 (which lacks EAF plasmid). Similarly, to the results obtained with the Δ*perA* EPEC mutant, transformation with pPerA-GFP results in unimodal growth ([Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). However, transformation with pPerAB- GFP did result in bimodal growth (see below), showing that the EAF plasmid is not required for the *per* mediated bimodality of growth. We note that the bimodal phenotype is milder in the MG1655 strain. Results of this experiment are described now in the subsection "PerA and PerB are sufficient for the bimodal phenotype" and presented in [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}.

*3) If PerA alone fails to fully complement in 1) then the two complementation experiments above should be done with PerB alone.*

As predicted by this reviewer, we found that PerA alone fails to restore bimodality. Therefore, we repeated the two complementation experiments with the pPerB-GFP plasmid. In addition, we also measured the complementation with pPerAB-GFP, both constructs under the control of the native *per* regulatory region.

The complementation assays of the Δ*perA* mutant with plasmids expressing pPerB- GFP and pPerAB-GFP are now shown in [Figure 5](#fig5){ref-type="fig"}. Whereas complementation of PerB-GFP expressing plasmids resulted in unimodal colony morphotypes, the PerAB- GFP plasmid restored bimodality, indicating that PerA and PerB are sufficient for the bimodality. Microscopic observations show that GFP expression is bimodal in pPerAB-GFP plasmids, while PerB and GFP cannot be expressed from pPerB-GFP in the absence of PerA and, accordingly, no GFP was observed in Δ*perA* mutant containing this plasmid ([Figure 5B](#fig5){ref-type="fig"}). Expression of GFP from this plasmid was restored in the *wt* EPEC ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). These results show that *perA* and *perB* expression are required for the co-existence of the BIG and SMALL morphotypes. We have now added description and results for this experiment in the subsection "PerA and PerB are sufficient for the bimodal phenotype".

The complementation assays of the MG1655 strain with plasmids expressing pPerB- GFP and pPerAB-GFP are now shown in [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}. The results are very similar to the results obtained with the Δ*perA* mutant, i.e. PerA and PerB together restore the bimodality of growth. These results suggest that EAF plasmid factors are not essential for the growth bimodality. We note that the growth bimodality is milder in the MG1655 strain. Description and results for this experiment are in the aforementioned subsection.
